In this work, we investigated the functions of structural modules within alginate lyase by truncating an endo-type alginate lyase into two successive catalytic modules. The effects of module deletion on biochemical characteristics and product distributions were further investigated. The N-terminal module (Aly7B-CDI) exhibited no activity toward alginate, polyM or polyG, but the C-terminal module (Aly7B-CDII) retained its activity. The full-length enzyme (Aly7B) and its truncated counterpart (Aly7B-CDII) had similar substrate specificities, but Aly7B-CDII had lower activity. Moreover, the activity of Aly7B was much higher than Aly7B-CDII at 30 • C. Aly7B-CDII, however, possessed higher optimal pH and better pH stability than the full-length enzyme. The final degradation products for Aly7B were unsaturated di-, tri-and tetra-oligosaccharides, and those for Aly7B-CDII were unsaturated mono-, di-, tri-, tetra-and penta-oligosaccharides. Therefore, the potential impact of the noncatalytic module Aly7B-CDI on the catalytic module Aly7B-CDII was further elucidated by characterizing Aly7B and its truncations. These data contribute to the functional understanding of these differing modules.
Introduction
Alginate is a linear acidic polysaccharide that is derived primarily from the cell walls of brown seaweed (Pawar and Edgar 2012) . It comprises β-D-mannuronate (M) and its C5 epimer α-L-guluronate (G) as basic monomers, which can be arranged in polyM, polyG and heteropolymer (polyMG) blocks (Lee and Mooney 2012) . As the most abundant and low-cost marine biomass, alginate has been widely used in food and pharmaceutical industries and has unique chemical properties and diverse activities. Applications of linear polysaccharides are greatly limited by poor solubility and low bioavailability. However, alginate oligosaccharides, which are degradation products of alginate, have received increasing attention for their unique biological activities and excellent solubility. Specifically, with antioxidant, anticoagulant and antineoplastic activities, alginate oligosaccharides have been widely used as plant growth accelerators, anticoagulants and tumor inhibitors (Trincone 2015) . In addition, they can induce the production of cytokines (Iwamoto et al. 2005) . As previously reported, preparation of oligosaccharides using alginate lyase has many unique advantages over traditional methods, including higher efficiency, higher specificity and milder conditions. Low-cost polysaccharides are desirable for the preparation of functional oligosaccharides.
Alginate lyases can degrade alginate into unsaturated oligosaccharides through β-elimination (Wong et al. 2000) . Based on substrate specificities, alginate lyase can be classified into polyG lyases (EC4.2.2.11), polyM lyases (EC4.2.2.3) and bifunctional type lyases. According to their modes of action, alginate lyases can be divided into endolytic and exolytic enzymes. Endolytic enzymes can specifically recognize and cleave glycosidic bonds inside alginate polymers to F Hu et al. produce unsaturated oligosaccharides, such as di-, tri-and tetrasaccharides, whereas exolytic enzymes further degrade oligosaccharides into monomers as main products. Alginate lyases have also been classified into 6, 7, 14, 15, 17 and 18 families based on sequence similarities (http://www.cazy.org/fam/acc_PL.html; .
Like other polysaccharide-degrading enzymes, such as cellulase and xylanase, alginate lyases commonly comprise catalytic and noncatalytic modules (Dong et al. 2014; Kim et al. 2015; Yang et al. 2018) . Generally, the catalytic module is essential for recognition, binding and catalysis of substrate, whereas the noncatalytic module affects the biochemical characteristics of the enzyme, such as stability. Previously, we reported a new alginate lyase from Vibrio sp. W13 . This enzyme contained two unique catalytic modules according to sequence alignments and was distinguished from other enzymes in the same PL superfamily. To elucidate the functions of the two catalytic modules, we cloned and expressed the catalytic modules separately and then characterized and compared the properties of the single catalytic module with those of fulllength enzyme. Our results indicate that the catalytic module plays important roles in biochemical properties and product distributions of the full-length enzyme.
Results

Sequence analysis
The alginate lyase genes Aly7B-CDI and Aly7B-CDII were cloned from Vibrio sp. W13 genomic DNA. As previously reported, the opening reading frame of Aly7B is 1437 bps long and encodes 478 amino acid resides without a signal peptide . As shown in Figure 1A , the full-length enzyme comprises two catalytic domains, Aly7B-CDI and Aly7B-CDII (alginate lyase_2 superfamily), separated by a linker, which is distinguished from the other alginate lyases of the polysaccharide lyase 7 (PL 7) family. According to our sequence alignments ( Figure. 1B) , Aly7B belongs to the PL 7 family and has the highest identity (69%) with alginate lyase from Vibrio sp. A9 m (Uchimura et al. 2010) . Additionally, Aly7B, Aly7B-CDI and Aly7B-CDII contain the conserved regions PRT/V/SELRE, YFKA/VGN/VY and QIH ( Figure. 1B) , which contribute to substrate binding and catalytic reactions (Ogura et al. 2008) . Similar to other alginate lyases of the PL 7 family, these conserved amino acid residues are located in chains A3, A4 and A5 (Ogura et al. 2008 ). The amino acid residue I of the QIH region reportedly participates in recognition of the polyG block or MG block (Kawamoto et al. 2006) . Interestingly, Aly7B-CDI showed no activity toward alginate, polyM or polyG, despite containing three conserved regions.
Purification and kinetics of Aly7B and Aly7B-CDII
For further characterization, Aly7B, Aly7B-CDI and Aly7B-CDII were heterologously expressed in Escherichia coli (E. coli) BL21 (DE3), were purified by Ni-NTA Sepharose affinity chromatography and were then analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In Figure 2 , three clear bands of purified Aly7B, Aly7B-CDI and Aly7B-CDII can be observed.
In further experiments, the substrates polyM, polyG and sodium alginate were used to investigate substrate specificities of Aly7B and its truncated mutants. As shown in Table I , recombinant Aly7B showed higher activity toward sodium alginate (49,150 U/mg) than 878 module truncation of a new alginate lyase with two catalytic modules to polyG (6150 U/mg) and polyM (8450 U/mg). Thus, Aly7B has broad substrate specificity. In contrast, Aly7B-CDI exhibited no activity toward polyM, polyG or sodium alginate, and Aly7B-CDII had lower activities toward these three substrates than Aly7B. Yet Aly7B-CDII had higher activity with sodium alginate (22,991 U/mg) than with polyG (6396 U/mg) and polyM (6303 U/mg). The enzyme kinetics of Aly7B and Aly7B-CDII were then calculated for the substrates alginate, polyM and polyG. As shown in Table II , K m values for Aly7B toward sodium alginate, polyM and polyG were 0.26, 13.24 and 3.26 mM, respectively. The much lower K m value of Aly7B for sodium alginate than for polyG and polyM indicates a higher affinity for MG-block and G-block substrates. The k cat values of Aly7B for sodium alginate, polyM and polyG were 26.47, 51.76 and 20.59 s −1 , respectively, suggesting that this enzyme exhibits higher catalytic efficiency toward M-block substrates than toward G-block substrates. Similarly, K m values of Aly7B-CDII toward sodium alginate, polyM and polyG were 0.60, 7.25 and 0.53 mM, respectively, suggesting that the truncated enzyme has higher affinity for G-block and MG-block substrates than for Mblock substrates. The k cat values of Aly7B-CDII also indicate higher catalytic efficiency toward M-block than toward G-block substrates.
Biochemical characterization of Aly7B and Aly7B-CDII
In biochemical characterizations of Aly7B and Aly7B-CDII, both Aly7B and Aly7B-CDII had maximal activity at 35 • C ( Figure 3A ). Aly7B retained 50% of its maximal activity after incubation at 40 • C for 30 min, whereas Aly7B-CDII had lower stability and maintained only 10% of its maximal activity at 40 • C ( Figure 3B ). The optimal pH for Aly7B activity was 8.0, and that for Aly7B-CDII was 9.0 ( Figure 3C ). Aly7B maintained over 80% activity after incubation in the narrow pH range of 7.0-8.0 for 24 h. In contrast, Aly7B-CDII maintained 80% activity after 24 h at pH 6.0-10.0 ( Figure 3D ). Therefore, the truncated Aly7B-CDII has greater alkaline stability than the full-length enzyme Aly7B.
To further assess the thermostabilities of Aly7B and Aly7B-CDII, purified enzymes were incubated with sodium alginate in Tris-HCl buffer for 1 h at different temperatures (30 • C-45 • C; Figure 4 ). In these experiments, Aly7B retained merely 50% of residual activity after incubation at 35 • C for 1 h, whereas the activity of Aly7B-CDII remained unchanged. These results suggest that Aly7B-CDII has greater thermal stability than Aly7B.
In further experiments, we introduced several metal ions and examined their effects on enzyme activity. As shown in Figure 5 , both Aly7B and Aly7B-CDII were activated by Na + , Mg 2+ , Ca 2+ and K + , as known for other marine enzymes. However, activation effects of these ions differed between Aly7B and Aly7B-CDII. After adding Na + , Mg 2+ or Ca 2+ , increases in the activity of Aly7B-CDII were greater than those of Aly7B. Hence, Aly7B-CDII may be more sensitive to these metal ions than Aly7B. In addition, Aly7B and Aly7B-CDII activities were both inhibited by divalent ions, such as Zn 2+ , Cu 2+ and Mn 2+ , and by SDS and EDTA. These observations suggest that both enzymes are ion-dependent alginate lyases. Moreover, Aly7B-CDII retained greater relative activity than Aly7B in the presence of Cu 2+ and Mn 2+ .
Analysis of degradation products of Aly7B and Aly7B-CDII by thin layer chromatography and electrospray ionization-mass spectrometry (ESI-MS)
Degradation products of Aly7B and Aly7B-CDII reactions with the three substrates at different times (0-48 h) were analyzed using thin layer chromatography (TLC). As the reactions proceeded, oligosaccharides with various degrees of polymerization (DPs; 2-6) appeared ( Figure 6A -C). The substrates were primarily degraded into dimers, trimers, tetramers and pentamers after 48 h. These results indicate that Aly7B-CDII can cleave substrates as an endolytic enzyme, like the full-length enzyme Aly7B. We then analyzed the hydrolysates using ESI-MS to further identify their compositions and degradation products ( Figure 7) . These experiments showed that oligomers with DP of 1-5 were produced from the substrates alginate, polyM and polyG.
Homology modeling and molecular docking of Aly7B
According to the homologous structure of alginate lyase AlyA (PDB ID: 4OZX) from Klebsiella pneumoniae, three-dimensional models of Aly7B and Aly7B-CDII were constructed with similarities of 39% and 40% using PHYRE2. Despite low sequence similarities, these protein models were successfully constructed with 100% confidence due to the same folding pattern of the β-jelly roll. As shown in Figure 8A , Aly7B comprises two main parts, Aly7B-CDI appeared as a random coil, and Aly7B-CDII was folded as a βsandwich jellyroll with two anti-parallel β sheets. As shown in Figure 8C and D, although Aly7B-CDI included three conserved regions, the QIH region was not located in the correct position, which is reportedly responsible for substrate recognition and catalytic activity (Kawamoto et al. 2006 ). Furthermore, Aly7B-CDI failed to fold into the normal cavity structure of alginate lyase within Aly7B ( Figure 8A ). Our homology modeling results also show that this conserved region may contain the wrong folding in the actual protein structure. Thus, it is reasonable that Aly7B-CDI showed no activity toward alginate. Aly7B-CDII has five β-strands in its outer convex sheet ( Figure 8B) , and a groove formed by the seven β-strands harbors the catalytic active site as the inner concave sheet.
To further explore key residues in catalytic reactions, we performed structure and sequence alignments, respectively ( Figure 8B and D) . The residues R 82 , Q 143 , H 145 and Y 257 were highly conserved, and these are involved in the enzyme-substrate interactions at subsites −1, +1, +2 and +3, respectively. As shown in Figure 9 , residues Y 257 , Q 143 , H 145 and R 82 form hydrogen bonds with carboxyl groups in subsites −1, +1, +2 and +3, respectively. Considering the docking results and the interactions of residues and substrates, it can be inferred that Q 143 and R 82 neutralize the negative charge of the carboxyl group, that H 145 acts as a Bronsted base to abstract the proton of C5, and Y 257 acts as a Bronsted acid to provide a proton and split the glycoside bond ( Figure 9B ).
Discussion
In this study, we truncated the N-terminal structural domain (Aly7B-CDI) from Aly7B and characterized its biochemical properties and the degradation pattern of the truncated enzyme (Aly7B-CDII). Alginate lyases are modular enzymes and usually contain catalytic and noncatalytic modules (Sim et al. 2017 ). The catalytic module plays an important role in enzyme-substrate interactions and influences biochemical properties of enzymes (Peng et al. 2018) . Although the noncatalytic module cannot degrade alginate, it strongly affects the properties of the enzyme. For instance, the noncatalytic domains within the alginate lyase Aly5 from Flammeovirga sp. MY04 may facilitate binding and degradation of small size-defined oligosaccharide substrates by catalytic modules. Moreover, the noncatalytic modules in alginate lyase Aly2 from Agarivorans sp. L11 changed substrate preferences and the ratios of products (Li et al. 2015;  module truncation of a new alginate lyase with two catalytic modules (Li et al. 2015; Cheng et al. 2017; Yang et al. 2018) . Few alginate lyases of the PL 7 family contain two catalytic domains without a substrate-binding module. Accordingly, the enzymes AlyA-OU02 from Vibrio splendidus OU02 and Aly7B from Vibrio sp. W13 both carry two alginate lyase_2 superfamily modules, and in AlyA-OU02, both domains (AlyA a and AlyA b ) include the highly conserved regions R(S/T)E(V/L) R, QIH and YFKAG(I/S) Y, which are necessary for substrate catalysis (Jingjing 2018) . These conserved regions are thought to sustain catalytic activity and fold structures (Ogura et al. 2008 ). Yet in Aly7B, only the catalytic domain Aly7B-CDII carries these three regions at correct positions and is folded into a normal βsandwich structure with catalytic cavity. Aly7B-CDI lacks the correct QIH region and is folded into an abnormal structure. Therefore, Aly7B-CDI lacks activity toward different substrates. Similarly, AlyA from Vibrio splendidus 12B01 has two PL7 domains, but domain 1 of AlyA has no corresponding enzyme activity, despite the sequence similarity of 89% with AlyA-OU02 (Badur et al. 2015) .
Aly7B-CDII activity with sodium alginate is half that of fulllength enzyme, whereas AlyA a had similar activity as AlyA-OU02.
Moreover, the activity of Aly7B-CDII toward polyG is higher than that of Aly7B, but the K m value of Aly7B-CDII toward sodium alginate is higher than that of Aly7B and the K m values of Aly7B-CDII toward polyM and polyG are lower than those of Aly7B. Similarly, the K m value of AlyA b toward sodium alginate is much lower than that of AlyA-OU02. Therefore, we speculated that deletion of Aly7B-CDI results in decreased affinity of Aly7B toward polyM and polyG. In addition, the k cat values of Aly7B are much higher than those of Aly7B-CDII, indicating that the full-length enzyme has higher catalytic efficiency than the truncated enzyme.
Truncation of Aly7B greatly affected its biochemical character. Most PL 7 alginate lyases reportedly have maximum activity around 30 • C-45 • C. Both Aly7B and Aly7B-CDII had maximum activity at 35 • C, whereas AlyA-OU02 and AlyA a had the same optimal temperature of 30 • C and AlyA b exhibited maximal activity at 40 • C (Jingjing 2018). The two domains have different optimal temperatures, and these aid adaptation of bacteria to changing external environments. In the present experiments, Aly7B had an optimal pH of 8.0, whereas Aly7B-CDII showed maximal activity at pH 9.0. Moreover, AlyA a and AlyA b of AlyA-OU02 both exhibited maximum activity at pH 8.0. Aly7B-CDII retained 80% of its maximal activity over the broad pH range of 6.0-10.0, while Aly7B was stable only between pH 7.0 and 8.0. After incubation at 35 • C for 1 h, Aly7B-CDII activity was unaffected, whereas Aly7B retained only 50% of its maximal activity. After incubating the enzymes at 40 • C for 5 min, Aly7B activity was completely abolished and that of Aly7B-CDII remained at approximately 40%. These results suggest that Aly7B-CDII has higher thermostability than Aly7B. Perhaps Aly7B-CDII is much more compact than Aly7B and thereby resists the effects of thermal degeneration. This phenomenon was also shown in the truncated enzyme AlyA a , which showed higher thermostability than full-length AlyA-OU02 at 30 • C for 1 h (Jingjing 2018) . Similarly, Aly2-T282 N exhibited much higher thermostability than its fulllength enzyme rAly2 (Peng et al. 2018 ). Finally, Aly7B-CDII was more sensitive to metal ions than Aly7B.
As to the action mode, almost all known alginate lyases of the PL 7 family are endolytic enzymes that primarily produce low DP (2-5) oligosaccharides. However, AlyA5 from Zobellia galactanivorans can split polysaccharides into disaccharides in an exolytic manner (Thomas et al. 2013) . The product compositions of AlyA-OU02 and AlyA a were very similar. AlyA a produced di-, tri-and tetraoligosaccharides, with trisaccharide as the main product. In contrast, AlyA b mainly produced tri-, tetra-and penta-oligosaccharides. Aly7B degraded alginate, polyM and polyG in an endolytic manner and produced oligosaccharides with DP of 2-4, whereas Aly7B-CDII released unsaturated oligosaccharides and monosaccharides in a unique manner. Aly7B-CDI might enhance the affinity of the fulllength enzyme toward substrate based on its conserved regions, leading to the observed differences between Aly7B-CDII and Aly7B products. To investigate the possible catalytic process, we docked the Aly7B-CDII model with a tetrasaccharide model. In these analyses, the residues Y 257 , Q 143 , H 145 and R 82 of the catalytic tunnel of Aly7B-CDII formed hydrogen bonds with the carboxyl groups at subsites −1, +1, +2 and +3, respectively. Glycoside bonds between −1 and +1 were then cleaved and monosaccharides were released.
In conclusion, to demonstrate the catalytic mechanism and expand the applications of alginate lyases, we investigated the functional domains of these enzymes. Alginate lyases usually carry catalytic and noncatalytic modules. Herein, we discovered a novel alginate lyase Aly7B, which contains two consecutive PL7 catalytic domains. Subsequently, we truncated the Aly7B and expressed the two modules, Aly7B-CDI and Aly7B-CDII. Aly7B-CDI lacked activity toward sodium alginate, polyM and polyG, but Aly7B-CDII had lyase activities with all substrates. Aly7B and Aly7B-CDII also had similar substrate specificities, although Aly7B-CDII had lower activity. In addition, Aly7B activity was much higher than that of Aly7B-CDII at 30 • C. However, Aly7B-CDII had higher optimal pH than Aly7B and better pH stability than the full-length enzyme. Aly7B mainly produced di-, tri-and tetra-alginate oligosaccharides as main products, and the main products of Aly7B-CDII were mono-, di-, tri-, tetra-and penta-alginate oligosaccharides. We suggest that these differences reflect the presence of the noncatalytic module Aly7B-CDI, whose conserved regions can enhance the affinity of the fulllength enzyme toward substrate, despite its lack of ability to degrade the three substrates. Although the predicted catalytic module with conserved regions might not possess catalytic activity, it facilitates the activity of the catalytic module.
Materials and methods
Materials and strains
Sodium alginate (M/G ratio: 77/23) was purchased from Sigma-Aldrich (St. Louis, MO, USA). PolyG and polyM (purity, about 95%; M/G ratio, 3/97 and 97/3, respectively) were purchased from Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao, China). The marine bacterium Vibrio sp. W13 was previously isolated from the South China Sea and was conserved in our laboratory. E. coli BL21(DE3) and the plasmid vector pET21-a (+) were used for protein expression studies.
Sequence analysis
The conserved domains of Aly7B were predicted using the online InterProScan 4 by the HMM Pfam application (http://www.ebi.ac.uk/ Tools/pfa/iprscan/). Homology analyses of protein sequence were performed by NTI-Vector. Homology modeling and docking were constructed by PHYRE 2.0 (http://www.sbg.bio.ic.ac.uk/phyre2/html/ page.cgi?id=index).
Expression and purification of recombinant Aly7B, Aly7B-CDI and Aly7B-CDII The Aly7B-CDI gene was amplified using the forward primer 5 -CGCTCAGAAGTTCGTGAGCG-3 and the reverse primer 5 -ATTGAATCAGTATGGTCAG-3 . The Aly7B-CDII gene was module truncation of a new alginate lyase with two catalytic modules amplified using the forward primer 5 -TGGAATATTGACGATTGG-3 and the reverse primer 5 -ATGAAGAGTGCTCAAAGCAC-3 . The Aly7B gene was amplified using the forward primer 5 -ATGCGCTCAGAAGTTCGTGA-3 and the reverse primer 5'-CTATTGATGAAGAGTGCTCA-3 . The three genes were ligated into pET21-a (+) vectors and were then transformed into E. coli BL21 (DE3). All recombinant E. coli BL21 (DE3) strains were cultured in LB medium containing 100-μg/mL ampicillin at 37 • C with shaking at 200 rpm. To induce protein expression, 0.1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) was added to media when the optical density at 600 nm (OD 600 ) was 0.4-0.6. After culturing cells at 20 • C for 30 h, Aly7B, Aly7B-CDI and Aly7B-CDII were purified as previously described . Enzymes were further purified using HiTrap TM desalting column (Amersham Biosciences, Buckinghamshire, UK) and were then analyzed using 12% SDS-PAGE.
Enzymatic kinetics and substrate specificity of Aly7B, Aly7B-CDI and Aly7B-CDII The activities of Aly7B and the truncated mutants were assayed using the ultraviolet absorption method described by Inoue (Inoue et al. 2014) . Reactions were performed at 30 • C as described previously (Zhu et al. 2019 ) and were terminated by heating in boiling water for 10 min. Enzyme activity was evaluated by analyzing increases in absorbance at 235 nm and was defined as the amount of enzyme required to increase the absorbance at 235 nm by 0.1 per min. Protein concentrations were measured using a protein quantitative analysis kit (Beyotime Institute of Biotechnology, Nantong, China). All experiments were performed with three replicates.
Purified enzymes were mixed with 1% (w/v) sodium alginate, polyM and polyG to investigate substrate specificity under optimal conditions. The kinetic parameters of enzymes toward these substrates were calculated by measuring enzymatic activity at various substrate concentrations. Velocity (V), K m , V max and turnover number (k cat ) values of the enzymes were calculated and determined as described previously (Zhu et al. 2019) . K m and V max values for recombinant alginate lyases toward three substrates were determined by fitting the Michaelis-Menten equation based on initial rates measured with substrate at 0.2-10 mg/mL. All experiments were performed with three replicates.
Biochemical characterization of Aly7B and Aly7B-CDII
Enzyme activities were analyzed using alginate (1%, w/v) as substrate. To evaluate the effects of temperature on enzymatic properties of Aly7B and Aly7B-CDII, reactions were performed in 50 mM Tris-HCl buffer at pH 8.0 and 25 • C-55 • C. To determine thermostabilities, enzymes were incubated at 25 • C-50 • C for 30 min and residue activities were then assayed at optimal temperature for 30 min. Meanwhile, thermally induced denaturation of enzymes was determined by assaying residual activity after incubation at 30 • C-45 • C for 0-1 h. The effects of pH on enzyme activities of Aly7B and Aly7B-CDII were assessed by incubating the enzymes in the following buffers of varying pH (4.0-10.0): 50 mM phosphate-citrate (pH 4.0-5.0), 50 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 6.0-8.0), 50 mM Tris-HCl (pH 7.0-9.0) and glycine-NaOH (pH 9.0-10.0). Subsequently, pH stability was assessed by measuring residual activity after incubation
